The corpus callosum (CC) is the largest fiber tract in the mammalian brain, linking the bilateral cerebral hemispheres. CC development depends on the proper balance of axon growth cone attractive and repellent cues leading axons to the midline and then directing them to the contralateral hemisphere. Imbalance of these cues results in CC agenesis or dysgenesis. Nogo receptors (NgR1, NgR2, and NgR3) are growth cone directive molecules known for inhibiting axon regeneration after injury. We report that mice lacking Nogo receptors (NgR123-null mice) display complete CC agenesis due to axon misdirection evidenced by ectopic axons including cortical Probst bundles. Because glia and glial-derived growth cone repellent factors (especially the diffusible factor Slit2) are required for CC development, their distribution was studied. Compared with wild-type mice, NgR123-null mice had a sharp increase in the glial marker glial fibrillary acidic protein (GFAP) and in Slit2 at the glial wedge and indusium griseum, midline structures required for CC formation. NgR123-null mice displayed reduced motor coordination and hyperactivity. These data are consistent with the hypotheses that Nogo receptors are membrane-bound growth cone repellent factors required for migration of axons across the midline at the CC, and that their absence results directly or indirectly in midline gliosis, increased Slit2, and complete CC agenesis. J. Comp. Neurol. 525:291-301, 2017. 
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The corpus callosum (CC) is the largest fiber tract in the mammalian brain, connecting the two hemispheres to provide bilaterally coordinated neuronal activity (Paul et al., 2007; Donahoo and Richards, 2009 ). Development of this major axonal pathway requires a host of cells and factors that first build the appropriate midline structures and then support and guide pioneer axons from the developing cingulate cortex across the midline, which are then followed by additional axons from the neocortex (Donahoo and Richards, 2009) . Failure in any one of these steps results in agenesis (complete absence) or dysgenesis (incomplete formation) of the corpus callosum in humans and in experimental animals in which many genes associated with CC development have been discovered (Richards et al., 2004) . Gene mutations resulting in CC agenesis or dysgenesis include those for guidance factors (both attractive and repulsive), cell adhesion molecules, growth factors, intracellular signaling molecules, and transcription factors (Richards et al., 2004; Donahoo and Richards, 2009) .
The appropriate balance of attractive growth cone guidance cues, such as Netrin1 in the floor plate, and strategically placed growth cone repellant cues such as Slit2, cooperate to guide pioneer axons across the midline (Fothergill et al., 2014) . Among cells responsible for CC development, important directive roles are played by midline glia including midline zipper glia, thought to aid in hemispheric fusion, the bilateral glial wedge cells that sit at key turning points for midline-crossing axons, and the glia of the indusium griseum that lie just above the CC (Richards et al., 2004) . Midline glia secrete diffusible growth cone repellent cues including Slit2 and Draxin, the disruption of which results in CC agenesis or dysgenesis (Bagri et al., 2002; Shu et al., 2003a,b; Islam et al., 2009) .
In addition to diffusible repulsive cues, there are membrane-bound inhibitors of axon outgrowth in the mammalian nervous system, several of which were first identified on myelin including Nogo-A, myelin-associated glycoprotein (MAG), and oligodendrocyte-myelin glycoprotein (OMgp) (Sandvig et al., 2004; Yiu and He, 2006) . Chondroitin sulfate proteoglycans (CSPGs) in the extracellular matrix also inhibit axon outgrowth (Carulli et al., 2005) . Receptors for axon outgrowth inhibitors include the glycophosphatidylinositol-anchored Nogo receptors NgR1, NgR2, and NgR3. NgR1 is a functional inhibitory receptor for Nogo-A, OMgp, MAG, and CSPGs, NgR2 for MAG, and NgR3 for CSPGs (Dickendesher et al., 2012; Borrie et al., 2012) . Although Nogo, MAG, and OMgp are prominent on myelin, and NgRs are expressed by many neurons (Wang et al., 2002; Zhang et al., 2014) , expression of these molecules varies among cell types in the brain (Table 1) , suggesting functions in addition to axon outgrowth inhibition (Seiler et al., 2016) .
As part of the research on the roles of Nogo-A and Nogo receptors in axon regeneration after injury, mice genetically engineered to lack all three Nogo receptors (NgR1, NgR2, and NgR3) were generated (Dickendesher et al., 2012) . In histological examination of these mice, we unexpectedly observed completely penetrant agenesis of the CC. Here we report this finding, relating Nogo receptor expression to generation of the largest axon tract in the brain.
MATERIALS AND METHODS Animals
All animal procedures were approved by the Johns Hopkins Animal Care and Use Committee and were consistent with federal law and NIH regulations.
Mice with germline deletions in the genes coding for NgR1 (Rtn4r), NgR2 (Rtn4rl2), and NgR3 (Rtn4rl1) were created and cross-bred to generate triple-null (NgR123-null) mice as described (Dickendesher et al., 2012) . Founder NgR123-null mice were the kind gift of Andrew Wood (Wyeth Neuroscience, Monmouth Junction, NJ). Triple-null mice were cross-bred to generate offspring that were genetically tested as detailed below.
NgR gene disruption was confirmed by reverse transciption-polymerase chain reaction (RT-PCR; data not shown) using the following primers: NgR1, 5 0 -ggtctaggg atgcatctcag-3 0 (forward) and 5 0 -gtggtctgtgtggctcctgc-3
and 5 0 -cccccctgccccagctacgc-3 0 (backward); NgR3, 5 0 -cg caaagggtgctgtgtggaattgc-3 0 (forward) and 5 0 -ggaaggtgat gcgattgttctgcagg-3 0 (backward). All mutant mice used in these studies were null at all three NgR genes. Strain identification using a 384-SNP panel (Charles River Laboratories, Wilmington, MA) revealed positive results for similarity to 129S2/SvPasCrl at > 99% of the sites. Therefore, control mice for these studies were 129S2/SvPasCrl founders (Charles River Laboratories) bred on site.
The NgR123 triple-null mouse line on which these studies are based, provided by Wyeth Neuroscience, contractually could not be outbred and lost fecundity. Based on the authors' inquiries, there are no live colonies of these mice in existence as of the time of submission. Ownership of the original triple-null mice and any frozen stocks passed to Pfizer (Groton, CT), which purchased Wyeth in 2009. Nogo receptor null mice have been separately derived elsewhere (Wills et al., 2012) . Table 2 lists the antigen, immunogen, host species, commercial source, RRID, and method-specific dilutions for the 11 primary antibodies used in this study. The six antibodies used for immunohistochemistry or immunofluorescent tissue staining were cross-tested by immunoblot of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)-resolved whole brain extracts and generated unique bands that migrated appropriately for the molecular weight of the target protein (Figs. 3, 6 ): myelin basic protein (MBP), 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNPase) (Samanta et al., 2010) , synaptophysin (Belichenko et al., 2007) , bIII-tubulin (Jouhilahti et al., 2008) , glial fibrillary acidic protein (GFAP), and Slit2 (Delloye-Bourgeois et al., 2015). The four antibodies used only for SDS-PAGE immunoblotting also identified unique appropriately migrating molecular species: Nogo-A (Gil et al., 2010; Blaise et al., 2012) , OMgp (Kottis et al., 2002) , MAG (Nobile-Orazio et al., 1984) , and the gel loading control glyceraldehyde 3 phosphate dehydrogenase (GAPDH). Neuron-specific nuclear protein (NeuN) (Mullen et al., 1992) was used only for immunohistological staining of nuclei of neurons, and provided highly selective staining of appropriate neuronal layers in the wild-type hippocampus.
Antibody characterization

Histology
Mice were anesthetized with isoflurane and subjected to intracardiac perfusion with Dulbecco's phosphatebuffered saline (PBS) and then with neutralized 4% paraformaldehyde in PBS. Brains were dissected, embedded in paraffin, and sectioned to 5 mm thickness. Coronal sections of wild-type and NgR123-null mice, spaced 1 mm apart, were stained with cresyl violet (SigmaAldrich, St. Louis, MO). White matter was stained with Luxol Fast Blue or Eriochrome/Eosin. Sections were deparaffinized, incubated in 0.1% Luxol Fast Blue solution in 95% ethanol (Electron Microscopy Sciences, Hatfield, PA) at 56 8C overnight, differentiated by aqueous 0.01% lithium carbonate. For Eriochrome/Eosin staining, the sections were deparaffinized, incubated in the staining solution containing 0.16% Eriochrome cyanine (Sigma-Aldrich) and 0.4% ferric chloride for 10 minutes, and then differentiated by 3% ammonium hydroxide. Sections were then counterstained for 2 minutes with 0.5% Eosin Y in 90% ethanol (Sigma-Aldrich).
Immunohistochemistry and immunoblotting
Mice were intracardially perfused with PBS and 4% paraformaldehyde as above. Brains were embedded in paraffin, and 5-lm sections were mounted on slides. Slides were briefly heated to boiling in 10 mM sodium citrate (pH 6.0) for antigen retrieval, and endogenous peroxidase was inactivated by incubation in 0.3% aqueous hydrogen peroxide. Slides were blocked in 10% normal serum (appropriate to the antibody used) in PBS and then probed with primary antibodies (Table 2) to: NeuN, GFAP, MBP, CNPase, or synaptophysin. The sections were then incubated with biotinconjugated secondary antibodies (1:500, Vector Laboratories, Burlingame, CA) and avidin-biotin complex using Vector ABC kits following the manufacturer's protocols. Images were acquired and analyzed using a Nikon Eclipse 90i microscope with NIS-Elements image analysis software (Nikon, Melville, NY). GFAP-stained areas were quantified in coronal sections capturing the cortical midline, neocortex, 
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The Journal of Comparative Neurology | Research in Systems Neuroscience striatum, and hippocampus. Triplicate sections spaced 0.8 mm apart (AP, 1 0.6 to 21.0 mm based on Bregma for the midline, neocortex, and striatum; AP 21.0 to 22.6 for hippocampus) were immunostained, quantified as described above, and normalized with GFAP staining normalized to wild-type sections at the same levels. For immunofluorescence, sections were prepared and mounted on slides as above; the slides were blocked with 10% normal serum appropriate to the primary antibody, and then were subjected to primary antibodies (Table 2) to GFAP and Slit2 for 12-16 hours at 4 8C. Slides were washed and incubated with fluorescent secondary antibodies and 4 0 ,6-diamidino-2-phenylindole (DAPI; Thermo Fisher, Waltham, MA, #62247) at 100 ng/ml for nuclear staining. Fluorescent images of washed and mounted slides were acquired, and images were analyzed as described above.
For protein immunoblotting, a block of brain tissue capturing the midline structures and CC (AP, 1 1.0 to 21.0 mm based on Bregma; ML, 1 2.0 to 22.0 mm; DV, 0 to 23.0 mm) was collected from wild-type and NgR123-null mice and homogenized in CellLytic MT mammalian tissue lysis reagent (Sigma-Aldrich). Soluble proteins (30 or 3 mg) were electrophoretically resolved on 4-12% BisTris NuPAGE gels, and then transferred to PVDF membranes using an iBlot system (Thermo Fisher). Membranes were blocked with PBS containing 5% nonfat dry milk and 0.1% Tween 20 and then subjected to immunoblot analysis using primary antibodies (Table 2) against bIII-tubulin, synaptophysin, CNPase, MBP, GFAP, Slit2, GAPDH, MAG, Nogo-A, or OMgp. The proteins were probed with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling, Danvers, MA) and visualized using enhanced chemiluminescence (GE Healthcare, Wilkes-Barre, PA). Images were captured, and band densities were quantified using Carestream molecular imaging software (Carestream Health, Rochester, NY) and normalized to GAPDH.
Behavior
Motor coordination was tested using a Rotarod apparatus. Mice were placed on a rotating cylinder (Rotamex, Columbus Instruments, Columbus, OH) that was initiated at 4 rpm and then accelerated an additional 4 rpm every 30 seconds for 5 minutes. Latency to fall was recorded for each mouse in three consecutive trials with a 5-minute resting period between trials. Spontaneous locomotion was tested by placing each mouse in the center of a square acrylic box incorporating an automated activity monitor (Photobeam Activity System, San Diego Instruments, San Diego, CA) with dual horizontal grids of 16 3 16 infrared beams. The total number of beam breaks in both horizontal and vertical planes over a period of 30 minutes was recorded and analyzed.
Statistics
Results for each parameter were analyzed for genotype (wild type vs NgR123-null) using Student's t-test with a significance level set to P < 0.05. All values are presented as the mean 6 standard error of the mean (SE).
RESULTS
Agenesis of the corpus callosum in NgR123-null mice
Nissl-stained adult brains of NgR123-null mice displayed normal brain size, gross brain anatomy, and normal cortical lamination (data not shown). However, medial brain structures were markedly disrupted (Fig.  1A-D) . At comparable anatomic levels, the fasciola cinereum was missing, and the CC was interrupted (Fig.  1E,F) . In contrast, the size of the striatum and septum, the thickness of the cortex, and the size of ventricles were not significantly different between wild-type and NgR123-null mice. These data suggest selective impairment of medial fiber development in NgR123-null mice. This observation was evaluated using Eriochrome/Eosin and Luxol Fast Blue staining of coronal sections of 12-week-old mice (Fig. 1G-N) . Compared with wild-type mice, NgR123-null mice routinely displayed medial agenesis with formation of bilateral Probst bundles characteristic of failure of callosally projecting neurons to extend axons across the midline (Paul et al., 2007) . The medial agenesis of the CC was observed from the rostral level (striatum and septal area) to the caudal level (hippocampal level) in NgR123-null mice and was observed in all of the NgR123-null mice examined (n 5 16) but in none of the wild-type control mice (n 5 10). White matter axon bundles in the striatum, anterior commissure, internal capsule, and external capsule of NgR123-null mice appeared normal. At comparable anatomic levels, the cingulum bundle was clearly delineated in NgR123-null mice (n 5 5) extending past the Probst bundle, and then projecting ventrally (Fig.  1H) . The sizes of the cingulum bundles were comparable between wild-type (n 5 4) and NgR123-null (n 5 5) mice (Fig. 1G,H and data not shown) .
To verify aberrant genesis of commissural fibers, adjacent coronal brain sections from wild-type and NgR123-null mice were immunostained with anti-MBP and anti-CNPase (myelin-specific) antibodies (Fig. 2) . In addition to confirming Probst bundle formation, immunostaining revealed ectopic white matter bundles in the cingulate cortex adjacent to the midline of NgR123-null mice that were stained equally with Eriochrome/Eosin, anti-MBP antibody, and anti-CNPase antibody. Ectopic white matter bundles ranged from 20 to 500 mm in diameter, extended anterior to posterior throughout a relatively long longitudinal axis (bregma 21.0 mm to 0.6 mm), and were present in 14 of the 16 mice examined (88%). Despite altered fiber morphology and ectopic myelination, medial brain myelin was quantitatively equivalent in wild-type and NgR123-null mice as measured by extraction and immunoblotting of the major myelin proteins MBP and CNPase (Fig. 3) . In contrast, and consistent with axon misdirection, synapses were reduced in the same area in NgR123-null mice as measured by synaptophysin immunohistochemistry (Fig.  2G,H) and immunoblotting (Fig. 3) . Although antisynaptophysin immunohistological staining was not significantly different across the whole brains of wild-type compared with NgR123-null mice, the midline region of the cingulate cortex, notably in the same area as ectopic white matter bundles, was visibly less stained (Fig. 2G,H) , and synaptophysin in extracts of this region was decreased by 40% in NgR123-null mice (Fig. 3) .
Together, these data indicate developmental defects in axon navigation at the midline of NgR123-null mice.
Commissural fiber defects in developing NgR123-null mice
Altered development of the CC was apparent by the first postnatal week in NgR123-null mice (Fig. 4) . At the septal level the fibers of the CC crossed the midline in wild-type mice, but collected in Probst bundle-like structures in NgR123-null mice, and a gap between hemispheres was notable. During the following weeks, as myelination proceeded, misdirected axons that failed to cross the midline in NgR123-null mice were myelinated, and Probst bundles were clearly apparent. The midline gap between hemispheres narrowed but persisted to adulthood (Fig. 4) . At this level of resolution, other myelinated fiber tracks did not appear different between wild-type and NgR123-null mice. Prenatal developmental analyses would be revealing, but were not feasible due to loss of colony fecundity (see Materials and Methods).
Midline glia in NgR123-null mice
Midline glia, including the glial wedge, glia of the indusium griseum, and midline zipper glia are directive in the development of the corpus callosum, in part via appropriately placed repellent migratory guidance signals. Mutations that disrupt these cells result in CC agenesis. To evaluate the potential role of glia in CC agenesis in NgR123-null mice, coronal cross sections of the midline region were stained with the general glial marker anti-GFAP (Fig. 5A-D) . At 12 weeks of age, the area where the CC had already developed in wild-type mice displayed bilateral gliosis with a 2.5-fold increase in GFAP immunostaining in the areas of the glial wedge and indusium griseum in NgR123-null mice (Fig. 5B,E) . That difference resolved to wild-type levels by 1 year of age despite the complete absence of the CC (Fig. 5D) . Except at the neocortical midline, the hippocampus, striatum, and neocortex showed no significant differences in staining for GFAP (Fig. 5E and data not shown). Concurrent with CC agenesis, interhemispheric fusion was incomplete, resulting in a gap bordered by the indusium griseum and unfused cingulate cortices. This gap persisted through adulthood (Fig. 5A-D,F) .
Glial-derived migratory guidance signals, most notably the released soluble inhibitory molecule Slit2, have been implicated in directing axon guidance across the midline (Shu et al., 2003b; Fothergill et al., 2014) . Therefore, coronal midline sections were dual immunostained for GFAP and Slit2 (Fig. 5G-N) , revealing an increase in Slit2 immunostaining in the midline region of 12-week-old NgR123-null mice that matches the increase in gliosis (GFAP immunostaining). Slit2 and GFAP overexpression at the NgR123-null mouse midline was further established by extraction of midline structures, resolution by gel electrophoresis, and immunoblotting (Fig. 6A ). Slit2 and GFAP were both increased 3-fold in NgR123-null mice compared with wild-type mice (Fig. 6B) .
NgR has multiple complementary binding ligands including Nogo-A, OMgp, and MAG. Immunoblots of midline structures for these proteins indicated that while Nogo-A and OMgp were equivalent in wild-type and NgR123-null mice, MAG was sharply decreased (Fig. 6C) , perhaps because it is the only one of the three that is nearly exclusively expressed on myelin and not neurons ( Table 1 ). The decrease in MAG, per se, is not likely to be causative in callosal agenesis, as Mag-null mice do not display this phenotype (Li et al., 1994) .
The observed increases in the number of glia and expression of repellant guidance cues in NgR123-null mice may inhibit axon crossing at the midline. To test whether apoptotic loss of neurons in the cingulate cortex, some of which extend axons to the contralateral hemisphere, also contributes to loss of the CC, the cingulate Figure 2 . Ectopic white matter tracts in the cingulate cortex of NgR123-null mice. Myelinated fibers in coronal sections from brains of 12-week-old wild-type (A,C,E) and NgR123-null mice (B,D,F) were stained with Eriochrome/Eosin (A,B) or immunostained with anti-MBP (C,D) or anti-CNPase (E,F). Synaptic staining of wild-type (G) and NgR123-null (H) coronal sections used anti-synaptophysin antibody. The dotted line indicates loss of synapses in the cingulate cortex of NgR123-null mice. Boxed areas at the cortical midline (top row) are presented at higher magnification below each complete coronal section (middle row), with selected areas corresponding to regions of ectopic fibers at higher power (bottom row). Scale bar shown in bottom row in A-H 5 50 lm (bottom row), 280 lm (middle row), and 1.9 mm (top row).
cortices were stained with TUNEL (data not shown). The data revealed no significant differences between wildtype and NgR123-null mice. Furthermore, the cingulum bundle in NgR123-null mice is generally equivalent in area to that of wild-type mice. This leaves gliosis and sustained secretion of Slit2 at the midline as reasonable mechanisms for the agenesis of CC in NgR123-null mice.
Behavior
Bilateral sensorimotor coordination was impaired in NgR123-null mice compared with wild-type mice as measured using an accelerating rotating rod (Rotarod) test. Significant deficits were detected equally in young adult (12-weeks-old) and mature (1-year-old) mice (Fig. 7A) . Despite impaired sensorimotor coordination, NgR123-null mice displayed more spontaneous locomotion in the open field (Fig. 7B) . Locomotion was increased equally in the center and periphery of the activity box (data not shown), indicating generalized increased activity rather than investigative behavior.
DISCUSSION
Mice lacking all three Nogo receptors displayed completely penetrant CC agenesis (16/16 mice), whereas wild-type mice of the parent strain (129S2/SvPasCrl) Figure 3 . Immunoblots of neuronal, synaptic, and myelin markers in extracts of midline structures from wild-type and NgR123-null mice. Homogenates of midline structures dissected from three mice of each group were resolved by SDS-PAGE, transferred, and blotted with specific antibodies for neurons (anti-bIII-tubulin), synapses (anti-synaptophysin), myelin (anti-CNPase and anti-MBP), and a loading control protein (anti-GAPDH). Densitometry of each band was normalized to GAPDH in the same sample. Normalized data (relative to GAPDH) were compared by Student's ttest (*, P < 0.05; **, P < 0.01). Data points are presented relative to the wild-type average, with each data point for wild type (open symbols) and NgR123-null (gray symbols) presented. Averages for each genotype are denoted with a plus sign (1). showed no CC agenesis or dysgenesis (0/10 mice). Absent undetected secondary genetic alterations, these data indicate that, like some other axon directive molecules (Richards et al., 2004; Paul et al., 2007) , NgRs play an essential role in corpus callosum development. The CC agenesis in these mice was characterized by anatomic pathology (Probst bundles), indicating differentiation of the neurons and outgrowth of axons that normally contribute to the CC, but failure of those axons to cross the midline. The presence of ectopic nerve tracts in NgR123-null mice further supports the conclusion that cortical axon outgrowth was robust, but that normal axon migration patterns were disrupted. One straightforward hypothesis consistent with these data is that NgRs on extending axons bind to cognate ligands on midline structures to funnel the axons across the midline. If the NgRs are missing, the axons are misdirected. In considering related mutant mouse models that result in CC dysgenesis, protein tyrosine phosphatase sigma (PTPr) is of potential relevance (Meathrel et al., 2002) . NgR1 and NgR3 are receptors for axon inhibitory chondroitin sulfate proteoglycans (Dickendesher et al., 2012) , as is PTPr (Shen et al., 2009) . Although this relationship is intriguing, genetic loss of PTPr in mice results in a much less severe CC dysgenesis than we report in NgR123-null mice. Figure 6 . Glial markers in midline extracts from wild-type and NgR123-null mice. A: Homogenates of cerebral midline tissue from wild-type and NgR123-null mice (three mice each) were resolved by SDS-PAGE, transferred, and blotted with specific antibodies for astrocytes (anti-GFAP), Slit2, and ligands for NgRs including Nogo-A, OMgp, and MAG. B,C: Densitometry of each band was normalized to the loading control protein GAPDH and is presented by fold induction based on wild type. Data are presented as mean 6 SE. Pairwise differences between mutant and wild type (Student's t-test): *, P < 0.05. Data points are presented relative to the wild-type average, with each data point for wild type (open symbols) and NgR123-null (gray symbols) presented. Averages for each genotype are denoted with a plus sign (1). Figure 7 . Behaviors of NgR123-null mice. A: Motor coordination was evaluated by Rotarod at 12 weeks and 1 year of age. Duration time on the drum was measured starting at 4 rpm and accelerating an additional 4 rpm every 30 seconds. B: Open field activity of 1-year-old mice was evaluated using infrared beam breaks in an open field frame. Total beam breaks in 120 seconds were averaged for five trials for each mouse. Data are presented as mean 6 SE. Pairwise differences were determined by Student's t-test (n 5 8; *, P < 0.05; **, P < 0.01).
Less direct hypotheses are also consistent with these data. CC agenesis in NgR123-null mice was accompanied by other developmental alterations in the cortical midline, such as diminished midline fusion. Because midline glia contribute significantly both to midline structures and axon migration, we suspected that they might be diminished in NgR123-null mice as they are in other mouse models of callosal agenesis and dysgenesis (Shu et al., 2003a) . Quite the opposite was found: a glial marker (GFAP) was greatly increased in both glial wedge and indusium griseum midline structures. These data indicate dysregulation of glial proliferation or glial migration to the cortical midline in NgR123-null mice and suggest an alternate contributing mechanism for CC agenesis. A careful balance of attractive factors such as Netrin1 on the floor plate and Slits from glia ensures that axons migrate ventrally to the appropriate level and then cross the midline (Fothergill et al., 2014) . Whereas experimental reduction of glia or Slits at the midline results in callosal agenesis and dysgenesis (Shu et al., 2003a,b; Unni et al., 2012) , it is equally valid to propose that excessive repulsive signals would do the same by generating unbalanced repulsive signaling. Immunohistochemistry and immunoblotting of the diffusible axon repellant Slit2 supported this hypothesis, with equivalent increases in glia and Slit2 at the midline. Interestingly, gliosis that was readily apparent in young adults was not maintained into maturity (1-yearold mice), suggesting moderating factors in gliosis later in adulthood. An alternative hypothesis is that gliosis may be secondary to CC agenesis rather than a contributing factor.
There are several genetic mutations that result in human CC agenesis or dysgenesis (Paul et al., 2007) . The behavioral and neurological consequences of CC agenesis in humans are variable, from little impairment to neuropsychological deficits. Initial behavioral studies reported here indicate reduced motor coordination and hyperactivity in NgR123-null mice.
The cellular basis for the finding that members of the NgR family are involved in CC development remains unresolved. Data are strong that NgRs are involved in axon regeneration (Sandvig et al., 2004; Yiu and He, 2006) , and directly or indirectly control synaptic density (Wills et al., 2012) . However, roles of Nogo-A beyond axon outgrowth inhibition have been reported, including regulation of neuronal stem cells, microglia, and angiogenesis (Seiler et al., 2016) . The earlier focus on the roles of these molecules in axon regeneration during development or after regeneration established that NgR1 is expressed by neurons and is found on their axons in the developing and adult brain (Wang et al., 2002; Josephson et al., 2002; Hasegawa et al., 2005) .
More recent transcriptome analyses of isolated cell populations from the cerebral cortex of young mice (Table 1) revealed that NgR1 and NgR2 transcripts are more abundant in neurons, but also are well represented in oligodendrocytes and less so in astrocytes and microglia (Zhang et al., 2014) . NgR3 transcripts are expressed more abundantly in microglia and less so in neurons, oligodendrocytes, and astrocytes. The questions of which cell(s) and which NgR(s) are required for CC genesis, which mechanisms-direct axon guidance, gliosis, or both-are responsible for agenesis, and which NgR ligands (Nogo-A, MAG, OMgp, CSPGs) are related to CC development remain unresolved.
